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The accurate calculation of laser energy absorption during femto- or picosecond laser pulse 
experiments is very important for the description of the formation of periodic surface structures. On 
a rough material surface, a crack or a step edge, ultrashort laser pulses can excite surface plasmon 
polaritons (SPP), i.e. surface plasmons coupled to a laser-electromagnetic wave. The interference of 
such plasmon wave and the incoming pulse leads to a periodic modulation of the deposited laser 
energy on the surface of the sample. In the present work, within the frames of a Two Temperature 
Model we propose the analytical form of the source term, which takes into account SPP excited at a 
step edge of a dielectric-metal interface upon irradiation of an ultrashort laser pulse at normal 
incidence. The influence of the laser pulse parameters on energy absorption is quantified for the 
example of gold. This result can be used for nanophotonic applications and for the theoretical 
investigation of the evolution of electronic and lattice temperatures and, therefore, of the formation 
of surfaces with predestined properties under controlled conditions. 
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1. Introduction 
 
The mechanisms of laser-matter interaction in condensed matter are of great importance for many 
applications [1-5] including development of promising ultrafast nanophotonic devices [6-11]. Laser-
induced surface phenomena could be produced by pre-structured beams [12] or excitation of surface 
plasmon polariton (SPP) waves [13,14], i.e. surface plasmons coupled to an incident laser pulse. To 
excite SPP waves, special conditions are needed, for example, prism or grating coupling [13], surface 
roughness [14] or a step edge of a sample [15,16]. The interference of the SPP and laser 
electromagnetic fields results in a periodic profile of a deposited laser energy along a surface of a 
solid. One of the possible scenarios for the description of laser-induced periodic surface structures 
(LIPSS) is based on the SPP excitation and their interference with the incident beam [17-19]. LIPSS 
patterns could appear on the surface after either single [20 - 22] or multiple [19,23] laser shots. It was 
shown in a number of papers, that these structures can be produced on different types of materials, 
metals, semiconductors, dielectrics [19 - 25], and for variety of incident angles [26]. 
In Ref. [22] for gold and in Ref. [27] for titanium and silicon the authors investigated the 
evolution of electron and lattice temperatures using the two-temperature model (TTM) [28], where 
the laser energy absorption was implemented by an arbitrary periodic function, which was assumed 
to arise from the interference of the SPP and incident light. The laser energy source for Au and SiO2 
was described in the Ref. [29] taking into account the changing of the optical properties of the 
irradiated sample during the pulse duration, but the periodicity along the direction parallel to the 
surface was also introduced as an arbitrary cosine-type perturbation. 
In this paper, we investigate the energy absorption upon irradiation of solid targets by ultrashort 
laser pulses. An analytical function for the source term in the frames of TTM approach is derived by 
explicit calculation of the interference of the SPP fields and the laser fields. This source term could 
further be used for the investigation of laser matter interaction and the formation of surface structures 
[12,30]. One can also apply our source function for studying the properties of the excited SPP in the 
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framework of scanning near-field optical microscopy (SNOM) or of two-photon photoemission 
electron microscopy (2P-PEEM). 
 
2. Theory 
 
It is well known that SPP excitation is not possible on a smooth surface, since SPP and light 
dispersion relations do not intersect [13,14]. However, SPP can be excited, for example, in the 
presence of roughness, grating structures or at a step edge [13,14] even with a single pulse [20 - 22]. 
We present results for the excitation of the SPP at a step edge of a metal sample and a dielectric 
media. It has been shown in Ref. [15] that the SPP are excited at the position of the step edge even if 
we shine to the entire surface. For our calculations the laser pulse is chosen to be normal to the surface. 
The considered irradiation geometry is presented in Fig. 1. The origin of the coordinate system is at 
the step edge. 
 
 
Figure 1. The scheme of the irradiation geometry with the SPP excitation. 
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We suppose the relative permeability of the nonmagnetic sample 1   and consider incident 
light with electric  inc inclas las,xE ;0;0E  and magnetic  inc inclas las,y0;H ;0H  fields described by a Gaussian 
pulse shape of the form 
 0inclas,x 0 lasE E , ,ik z i te e x y t   ,        (1) 
 0inclas,y 0 lasH H , ,ik z i te e x y t   ,        (2) 
where 0E  is the amplitude of the incident electric field, 0 0 0H Ec   is the amplitude of the incident 
magnetic field, 0 /k c is the wave vector of light,   is the laser angular frequency, c  is the speed 
of light, 0  is the permittivity in vacuum and 
 
 2 2 20
2 2
las2 2
las
las
1 1
, ,
x y t t
dx y t e e
d
 
 
  
  
 ,      (3) 
with 4 ln 2  , lasd  is the focus diameter at FWHM (full width at half maximum),   is a pulse 
duration at FWHM, 0 3t   is chosen as a location of the pulse maximum. 
The reflected fields  r rlas las,xE ;0;0E  and  r rlas las,y0;H ;0H  are given by 
 0r rlas,x 0 lasE E , ,ik z i te e x y t  ,        (4) 
 0r rlas,y 0 lasH H , ,ik z i te e x y t  ,        (5) 
where r0E  is the amplitude of the reflected electric field, 
r r
0 0 0H Ec  is the amplitude of the reflected 
magnetic field. Finally, the absorbed fields  a alas las,xE ;0;0E  and  a alas las,y0;H ;0H  are given by 
 0a alas,x 0 lasE E , ,mik n z i te e x y t    ,        (6) 
 0a alas,y 0H H , ,mik n z i t lase e x y t    ,        (7) 
where a0E  is the amplitude of the absorbed electric field, 
a a
0 0 0H Ec   is the amplitude of the absorbed 
magnetic field and mn  is the complex refractive index of a metal defined as 
     m m mn n ik    .         (8) 
5 
In order to determine electromagnetic field produced by the SPP, we are using the following 
expressions  r r rSPP SPP, x SPP, zE ;0;EE  and  r rSPP SPP, y0;H ;0H , which are based on the solution of 
Maxwell’s equations [13], where we assume a Gaussian pulse profile in the following form for z > 0 
(dielectric) 
 ,rSPP,y 1 SPPH , ,z dx
k zik x i tA e e e x y t   ,        (9) 
 ,,rSPP,x 1 SPP
0
E , ,z dx k zz d ik x i t
d
k
iA e e e x y t 
 
  ,    (10) 
 ,rSPP,z 1 SPP
0
E , ,z dx k zik x i tx
d
k
A e e e x y t 
 
   ,    (11) 
where 1A  is the amplitude of the magnetic field of the SPP in the dielectric media, x x xk k ik    is 
the wave vector of the SPP in the direction of propagation; ,z dk is the wave vector of the SPP in 
dielectric in the direction perpendicular to the interface between two media, d  is the dielectric 
function of the dielectric. The function  SPP , ,x y t  can be written as [6,15,16] 
 
  22 0g, SPP
2 22
g, SPPlas
v
2v2
SPP
las
1 1
, ,
x t t
y
dx y t e e
d

 
  
 

 ,   (12) 
where g, SPPv / xd dk   is the group velocity of the SPP. 
The expressions  a a aSPP SPP, x SPP,zE ;0;EE  and  a aSPP SPP, y0;H ;0H  of the SPP fields in the half-
space z < 0 (metal) are  
 ,aSPP,y 2 SPPH , ,z mx
k zik x i tA e e e x y t  ,      (13) 
 ,,aSPP,x 2 SPP
0
E , ,z mx k zz m ik x i t
m
k
iA e e e x y t 
 
  ,    (14) 
 ,aSPP,z 2 SPP
0
E , ,z mx k zik x i tx
m
k
A e e e x y t 
 
  ,    (15) 
where 2A  is the amplitude of the magnetic field of the SPP in the metal, ,z mk is the wave vector of 
the SPP in the metal in the direction perpendicular to the interface between two media, 
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2
m m m mi n        is the dielectric function of the metal. The SPP fields should fulfill Maxwell's 
equations, yielding [13] 
2 2 2
, 0z d x dk k k   ,        (16) 
2 2 2
, 0z m x mk k k   .        (17) 
Thus, we have in the dielectric media incident and reflected laser fields and SPP fields, whereas 
in the metal we have absorbed laser fields and corresponding SPP fields. In accordance with the 
boundary conditions of Maxwell's equations at the interface between two media, we find respective 
amplitudes and relation between ,z dk  and ,z mk : 
r
0 0
1
E E
1
m
m
n
n





,        (18) 
a
0 0
2
E E
1 mn

 
,        (19) 
1 2A A ,         (20) 
, , 0z d z m
d m
k k
 
  .        (21) 
We associate the amplitude of the SPP magnetic field 1A  with the amplitude of the incident 
magnetic field of a laser 
1 0H
iA e  ,         (22) 
where   is the coupling efficiency and   is the phase difference between the incident beam and the 
excited SPP, which we are leaving the only free parameters. 
Combining Eq. (21) with Eqs. (16)-(17) we define a dispersion relation for the SPP as [13] 
0
m d
x
m d
k k
 
 


,        (22) 
We assume that the dielectric functions do not depend on space and time. In this case, we can 
express the absorption of the laser energy as 
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    total total, ,Q t div t r S r ,      (23) 
where totalS  is the Poynting vector giving the laser depositing energy per unit time and per unit area. 
We will call  total ,Q tr  the source term entering TTM from the perspective of the electronic 
subsystem of the metal. We use SPP fields (13)-(15) and laser fields (6)-(7) to calculate the Poynting 
vector 
 total total total,t  S r E H ,       (24) 
where 
a a
total las SPP E E E ,        (25) 
a a
total las SPP H H H .        (26) 
Averaging the Poynting vector over one full period of the laser pulse 2 /  , we obtain an 
expression for the source term 
       total las-las las-SPP SPP-SPP, , , ,Q t Q t Q t Q t  r r r r ,     (27) 
where the first term  
 
 
 20las-las inc las 02 2
8
, exp 2
1
m m
m
m m
k n k
Q t F k k z
n k

 
r      (28) 
arise from the laser-laser interference, where incF  is the incident laser fluence. In case of 0   (no 
SPP) it gives automatically the common expression for the source term [5,12] 
     
 2 2 20
2 2
abs las0
total las-las inc abs 2
las
1
, , 1
x y t t
z dQ t Q t F R e e e
d
 
  
  
  
   r r ,    (29) 
where the absorption coefficient abs  was defined as 
abs 02 mk k          (30) 
and reflectivity 
 
 
2 2
2 2
1
1
m m
m m
n k
R
n k
 

 
.       (31) 
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The second term describes laser-SPP interference: 
 
 
       las SPPlas-SPP inc 1 3 2 3 0 ,2 2
2
, cos sin exp
1
m z m x
m m
Q t F f f f f k k k z k x
n k
 
     
 
r ,   (32) 
where values 1 7f f  are given in the Appendix A. 
The periodicity along the lateral distance x in totalQ  comes from this term. The SPP wavelength 
is defined from Eqs. (32) as (see also the Eq. (A3) in the Appendix A) 
SPP
2
xk

 

.        (33) 
The third term, which describes propagating SPP, is a result of the SPP-SPP interference: 
 
   
  
2 2
, , ,2 2
SPP-SPP inc SPP ,2
0
2
, exp 2
m x x z m z m m x z m
z m x
m
k k k k k k
Q t F k z k x
k
 
 

              r .   (34) 
Finally, we should mention, that our analytical source term can be applied for different materials 
irradiated by ultrashort laser pulses with arbitrary beam parameters. 
 
3. Results and discussion 
 
To demonstrate the ability of our source term to describe real experimental situations, we have 
studied the irradiation of a gold sample in surrounding air. For the dielectric function of gold, the 
experimental data were taken from the Ref. [7] (therein the case of the evaporated gold sample) while 
for air we set 1d  . We have used the laser parameters of 
2
inc 0.1 J/cmF  , las 70μmd  , 40fs  , 
0t 3 . For the given laser wavelength the characteristics of the source term, such as the SPP 
wavelength SPP , the propagation length  SPP 1/ 2x xL k  , the SPP penetration depth 
 SPP, ,1/ 2z m z mL k   and the laser penetration depth laser abs1/zL  , are calculated. In order to investigate 
the relation between the SPP wavelength, see Eq. (33), and the laser wavelength, we link them through 
the definition of the phase velocity of the SPP 
ph, SPPv / xk         (35) 
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in the form 
 
 
ph, SPP
SPP
v
=
xc ck
 
  



.     (36) 
Fig. 2 shows the SPP wavelength SPP  according to the Eq. (36) divided by the laser 
wavelength  , i.e. SPP /   in dependence on the laser wavelength (left axis). Additionally, the 
absorption coefficient abs  of gold, see Eq. (30), is shown (right axis). The experimental data from 
Ref. [7] were used. 
 
Figure 2. Dependence of the wavelength ratio SPP /   and the absorption coefficient abs  on the 
the laser wavelength  . 
 
It is seen from the Fig. 2 that generally the SPP wavelength SPP is lower than the laser 
wavelength   for the given range. The dip in the ratio of the wavelength reflects the processes of 
photo-excitation of d electrons of gold [31,32]. The dip in the absorption coefficient is also related to 
the d electrons, but the position of the peak is slightly shifted, because the SPP wavelength SPP  and 
the absorption coefficient have different dependencies on the dielectric function (compare Eq. (30) 
and Eq. (33)). 
The dependence of the propagation length SPP
xL  on the laser wavelength   is presented in Fig. 3. 
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Figure 3. Dependence of the propagation length SPP
xL  on the the laser wavelength  . 
 
Fig. 3 shows that the SPP decay quickly for wavelengths shorter than 500 nm, but propagate far 
from the position of excitation in case of increasing laser wavelength. For the following 
demonstration of the application of our source term, we have chosen wavelengths from two different 
regions, namely 800 nm and 400 nm. The characteristic lengths for these wavelengths are presented 
in Table 1. 
Laser wavelength (nm) 
SPP  (nm) SPP
xL  (μm) SPP,
z
mL  (nm) laser
zL  (nm) 
800 784 60 12.46 12.72 
400 398 0.39 15.49 16.62 
Table 1. Calculated optical parameters of gold. 
 
It is clearly seen from Table 1, that the propagation length SPP
xL  at the wavelength of 
400 nm  is much smaller than the one of 800 nm, but the penetration depth of the SPP SPP,
z
mL  and 
the laser penetration depths laser
zL  are a little bit larger for the lower wavelength. 
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Fig. 4 shows the source term totalQ  at the surface and at the maximum intensity of the laser 
pulse according to the Eq. (27) including the influence of the SPP normalized to the source term of 
the laser only, i.e. total las-las/Q Q , in dependence on the lateral distance from the step edge of x=0. We 
set the coupling efficiency to 0.8   and the phase shift to 0   for the best representation of the 
typical observations. The dependence of the source term ratio on the lateral distance from the step 
edge at different coupling efficiencies   and the phases   is given in the Appendix B.  
 
Figure 4. Dependence of the source term ratio on the lateral distance from the step edge at 
different laser wavelengths of 800nm  and 400 nm   at the surface  0, 0z y   and the 
moment of the pulse maximum 0t t . 
 
We can see from the Fig. 4 the modulation of the absorbed energy with the periods SPP  given 
in Table 1. We can also observe the enhancement of the source term, because it takes into account 
excited SPP and as a result we have two more terms in the Eq. (27). In contrast to the SPP excitation 
with the 800 nm laser wavelength, the SPP excited at 400 nm decay quickly and do not propagate 
along the sample surface. It means that the formation of periodic surface structures could be possible 
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with smaller periodicity if we decrease the laser wavelength, but the area of the sample, where these 
structures could be created, is limited by the decay length of the SPP. 
In order to reveal further features of the absorbed energy distribution, Fig. 5 presents the 
dependence of  total ,Q tr on time and on lateral distance at the surface of gold for the wavelength of 
800 nm. 
 
Figure 5. The energy absorbed by the electrons of gold  total , tQ x  at the surface for the laser 
wavelength of 800nm   and the pulse duration of 40fs  . 
 
We can observe from the Fig. 5 that the laser pulse excites the SPP, interferes with the SPP 
creating the periodic pattern shown in Fig. 4. The highest enhancement of the absorbed energy is near 
to the step edge at which the SPP are excited. After excitation the SPP propagate and decay along the 
sample and interfere with the laser until the laser pulse is over. The third term in Eq. (27) describes 
the SPP propagation after the pulse. We can see the signature of this propagating SPP as the hump at 
the top part on the Fig. 5. The shape of this hump will depend on the coupling efficiency  , that is 
why this value could be estimated from experiments. 
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The dependence of the source term on time and lateral distance at the surface for wavelength 
of 400 nm   is displayed in Fig. 6. Note the different scaling of the lateral direction as compared 
to Fig. 5, due to the smaller wavelength of the SPP SPP . Apart from the periodic absorption of the 
deposited energy, it is seen from the Fig. 6 that the SPP decay quickly without formation of the hump 
like on the Fig. 5. 
 
Figure 6. The energy absorbed by the electrons of gold  total , tQ x  at the surface for the laser 
wavelength of 400 nm   and the pulse duration of 40fs   reveals shorter periodicity and quicker 
decay in comparison with the result presented in the Fig. 4 with the laser wavelength of        
800nm  . 
 
The dependence of the source term on   was investigated since it can be used for arbitrary 
laser pulse durations. Fig. 7 shows the time and space dependence of the absorbed energy at the 
surface in case of longer pulse duration. 
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Figure 7. The energy absorbed by the electrons of gold  total , tQ x  at the surface for the same 
than in Fig. 5 laser wavelength of 800nm   and the longer pulse duration of 100fs   displays 
the interference pattern along the longer lateral distance of the irradiated sample. 
 
Fig. 7 depicts the periodic structure with the period mentioned in Table 1 for this wavelength. 
In contrast to the short pulse duration of Fig. 5, we can observe on the Fig. 7, that laser and SPP fields 
coexist and interfere longer time and along longer lateral distance. It results in the different hump 
shape formation in the top part on the Fig. 7 in comparison with the Fig. 5. This signature of the 
propagating SPP will also depend on the coupling efficiency  , which could be estimated from the 
experiments for different pulse durations. 
 
4. Conclusions 
 
The process of laser energy absorption has been investigated upon the excitation of surface 
plasmon polaritons under normal incidence irradiation of a metal sample with a step edge geometry. 
The interference of the SPP with the laser fields results in a periodic profile of the deposited energy 
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along the surface. An analytical source term in the frames of a TTM approach has been derived, which 
consists of three parts arises from the laser- laser, laser-SPP and SPP-SPP interferences. 
For the case of a gold sample in air, we have studied the influence of laser pulse parameters on 
the deposited energy distribution. The simulation results demonstrate a periodic modification and an 
enhancement of the absorbed energy for the two example laser wavelengths of 800 nm and 400 nm. 
In the latter case the SPP decay very fast and do not survive after the laser pulse. If we increase the 
duration of the pulse, the SPP and laser fields coexist on a longer time scale. Our result can be applied 
for describing different materials and arbitrary parameters of the laser pulses. Note that the present 
source term can be used for studying features of the excited SPP, for example, in the 2P-PEEM and 
SNOM experiments. It could help to shed light on the properties of plasmon-induced hot carriers for 
future nano-photonic applications. 
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Appendix A. Laser-SPP interference 
 
The values in the second term of the energy absorption rate Eq. (32) are the following: 
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   4 51 , 0 6 , 0 72
0
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z m m z m m
m
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f k k k f k k n f
k 
  
      ,     (A1) 
   5 42 , 0 7 , 0 62
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Appendix B. Dependence of the source term on the coupling efficiency   and the phase  . 
 
Fig. B1 shows the source term totalQ  at the surface and at the maximum of the laser pulse 
according to the Eq. (27) including the influence of the SPP normalized to the source term of the laser 
only, i.e. total las-las/Q Q , in dependence on the lateral distance from the step edge of x=0 for the laser 
wavelength of 800 nm. 
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Figure B1. Dependence of the source term ratio on the lateral distance from the step edge at 
different coupling efficiencies   and the phases   at the surface  0, 0z y   and the moment of 
the pulse maximum 0t t  for the laser wavelength of 800 nm. 
 
Two values of the parameter   are considered in the Fig. B1. If we reduce  , the amplitude 
of the energy modulation decreases, according to the naming of   as the coupling efficiency. In 
contrast, when we change the phase  , the amplitude of the source term does not change, but it shifts 
depending on the value of  . Therefore, we can conclude that the phase   describes the shift of the 
source term profile along the lateral distance. 
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